Introduction
Microalgae can be used as source for commercial products of interest such as biofuels, chemicals, food, and feed [1, 2] . Large scale microalgal production will be primarily done under natural sunlight conditions [3, 4] , where microalgae will be exposed to diurnal cycles of light and dark (LD). Diurnal LD cycles are ubiquitous and many organisms synchronize their metabolism to anticipate the changing environment [5] [6] [7] [8] [9] . Environmental cues (known as Zeitgeber, which is German for time indicator) entrain the internal timing to a period of 24 h [8, 10] . Cues such as sunrise (dawn), sunset (dusk), changes in light intensity or temperature, as well as light pulses can be used to entrain this diurnal cycle [11] . For photosynthetic organisms, synchronization to the diurnal LD cycle translates into fine-tuning their photosynthetic apparatus to capture sunlight efficiently during the day and to schedule ultraviolet or oxygen sensitive processes (e.g. nitrogen fixation, DNA synthesis or cell division) at night [12] [13] [14] [15] . In addition, the length of the light and dark periods under natural sunlight conditions varies depending on the region and the season, which has an impact on biomass productivity and photosynthetic efficiency [16] depending on the species.
The microalga Tetradesmus obliquus (formerly known as Scenedesmus obliquus [17] and reclassified as Acutodesmus obliquus [18] ) is an industrially relevant strain whose potential has been demonstrated [19] [20] [21] [22] . In addition, de Jaeger et al. [23] developed a starchless mutant, slm1, which is incapable of synthesizing starch due to a single nucleotide polymorphism in the small subunit of ADP-glucose pyrophosphorylase, the committed step of starch biosynthesis [24] . This mutant showed a higher maximum triacylglyceride (TAG) yield on light (0.217 g·mol ph −1 compared to 0.144 g·mol ph −1 for its wild-type) and a higher maximum TAG content (0.57 g·g DW −1 compared to 0.45 g·g DW −1 ) in batch cultures under nitrogen starvation [25] . Furthermore, the photosynthetic efficiency of the mutant was comparable to the wild-type under nitrogen starvation.
Prior to the TAG producing step, which commonly takes place under nitrogen limitation/starvation and LD cycles, biomass must be grown under nitrogen replete conditions. Under nitrogen replete conditions, T. obliquus wild-type uses starch as a temporary energy storage compound during LD cycles [26] . Thus, energy and carbon are stored during the day which are next used at night. When starch synthesis is blocked, as for starchless mutants, different effects on growth under nitrogen replete conditions are observed for different microalgae. However, most of the studies have been done under continuous light [27] [28] [29] [30] , which is not relevant for outdoor production. Furthermore effects of the absence of starch are expected to be more severe during LD cycles, since the algae use starch during the dark as a source of energy and carbon. To our knowledge, only one report of growth of the starchless mutant of Chlorella pyrenoidosa STL-PI was done under 12:12 h LD cycles, showing an increase in growth compared to its wild-type [28] . Additionally, as starchless mutants are made to improve TAG production, most studies on these mutants focus on their performance during the TAG producing step under nitrogen limitation or starvation conditions [22, 25, 27, [29] [30] [31] , and little is known about their diurnal behavior under nitrogen replete conditions and LD cycles. The diurnal cycles of the starchless mutant of T. obliquus slm1 were studied under 16:8 h LD cycles, where this mutant showed synchronized growth and cell division even in the absence of starch or any other storage compound, albeit with decreased growth and energy efficiency compared to its wild-type [26] . However, as previously mentioned, production conditions outdoors will include variations in the light and dark periods and it is thus interesting to know how the mutant will react to these variations. Especially, it is interesting to know how the mutant will react to longer dark periods since a temporary energy storage compound is missing.
Therefore, the aim of this paper is to obtain insight into how a starchless mutant of T. obliquus copes with different LD periods as compared to its wild-type. For this, scheduling of cell division, energy efficiency and biomass composition were measured under 3 different photoperiods of typical day/night duration throughout the year for both the wild-type and the starchless mutant slm1.
Materials and methods

Strains, pre-culture conditions and cultivation medium
Wild-type Tetradesmus obliquus UTEX 393 (reclassified from Scenedesmus obliquus [17] and Acutodesmus obliquus [18] ) was obtained from the Culture Collection of Algae, University of Texas. The starchless mutant of T. obliquus (slm1) was generated as described by de Jaeger et al. [23] . Liquid cultures of 100 mL of filter sterilized (pore size 0.2 μm) defined medium designed by Breuer et al. [19] were maintained in a culture chamber with shaker in 250 mL Erlenmeyer flasks (25°C, 16:8 h light/dark cycles with 30-40 μmol·m −2 ·s −1 , 150 rpm, air in headspace). Prior to the start of the experiments, cultures were placed in a shake incubator operating at 25°C with continuous light (120 μmol·m −2 ·s −1 ) and a headspace enriched with 2.5% CO 2 to reach the desired inoculation cell density.
Reactor set-up and experimental conditions
T. obliquus was continuously cultivated in a sterile flat panel airliftloop reactor with a 1.7 L working volume and a 0.02 m light path (Labfors 5 Lux, Infors HT, Switzerland). Reactor set-up, temperature, pH and airflow were set and controlled as described by León-Saiki et al. [26] . Light was provided at an incident photon flux density of 500 μmol·m −2 ·s −1 in 3 different light/dark (LD) block cycles: 16:8 h, 14:10 h, and 12:12 h. Cultivations were turbidostat controlled, where the culture was diluted with fresh medium when the light intensity at the back of the reactor dropped below the setpoint (10 μmol·m −2 ·s −1 ). The feeding was stopped during the dark period to prevent washing of the culture.
The reactor was inoculated at an optical density (OD 750 ) of 0.1. Cultures were allowed to reach steady state, which was defined as a constant biomass concentration and 24 h-dilution rate for a period of at least 3 residence times. After steady state was reached, liquid samples were freshly taken from the reactor and either immediately used for cell count (1 mL) and dry weight measurements (3 mL, in triplicate) or centrifuged for 5 min at 2360 ×g for biochemical analysis (12 mL for proteins, 5 mL for starch, 5 mL for triacylglycerides (TAG) and 5 mL for total carbohydrates). For biochemical analysis, the resulting pellet was transferred to bead beating tubes (Lysing Matrix E; MP Biomedicals Europe) or glass tubes (for total carbohydrates analysis) and stored at −20°C. Pellets were freeze dried and stored again at −20°C until further analysis. Sampling was done in intervals of 1 h for cell counts. Biomass composition was analyzed in intervals of 3 h for the 14:10 h and 12:12 h LD. For the 16:8 h LD, biomass composition was obtained from a previous publication [26] . In addition, at least 3 daily overflow samples were collected for each photoperiod and strain.
Analyses
Dry weight (DW) concentration was determined in triplicate as described by Kliphuis et al. [32] . Starch was measured using a total starch kit (Megazyme, Ireland) as described by de Jaeger et al. [23] with the modification that 5 mg of freeze dried biomass was used for the analysis. Protein content was measured using a colorimetric assay (Bio-Rad DC protein assay) as described by Postma et al. [33] with the difference that 10-12 mg of freeze dried biomass was used for analysis. Triacylglycerol (TAG) content was determined as described by Remmers et al. [22] . Total carbohydrates were extracted and quantified according to DuBois et al. [34] and Hebert et al. [35] .
Cell number and size
T. obliquus cells aggregate and form coenobia [36] . To separate the cells, a 1 mL cell suspension was sonicated on ice for 30 s at 30% amplitude using a probe sonicator (Sonics vibra-cell, USA). The absence of coenobia after sonication was verified under the microscope. Cell number and size were determined using a Beckman Coulter Multisizer 3 (Beckman Coulter Inc., USA). The sonicated culture was diluted 200 times with Isoton® II diluent solution. Cells with diameter above 2.5 μm were counted. As some cell counts were done only in duplicate (n = 2), we show the range of values measured by including the maximum and minimum values found.
Dilution rate, doubling time and time-specific cell division rate
Dilution rate (D 24h in day −1 ) was calculated by logging the medium (feed) and acid consumption over 24 h (V 24h in L) and the volume of the photobioreactor (V PBR in L) (Eq. (1)) [37]:
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Dilution rates over small intervals of time were calculated by logging the medium and acid consumption in intervals of 10 min, followed by a moving average per 60 min. Dilution patterns were repeated daily. Values corresponding to 1 h were averaged and used for the time-specific cell division rate (μ t ), which was calculated based on a cell number balance (C cells ) and D t following: 
Hourly values were added up to get the cumulative cell division rate. The average dilution rate over the light period was calculated by dividing the daily average dilution rate (D 24h ) by the amount of hours of light supplied, with the following equation: The doubling time (t d ) was calculated as a function of the dilution rate (D), using the following equation:
Calculations
Biomass yield on light (in g DW ·mol ph −1 ) was calculated as the ratio between the biomass productivity (in g·L −1 ·day −1 ) and the photon absorption rate (in mol ph ·L −1 ·day −1 ). Starch productivity (in g·L −1 ·h −1 ) was calculated using a balance for starch over short time intervals as explained by León-Saiki et al. [26] . The theoretical energy conversion efficiencies were calculated based on the theoretical photon requirements for the biomass components (3.24 g·mol ph −1 for starch and 1.62 g·mol ph −1 for functional biomass [32, 38] ) and the photon absorption rate [26] . Triacylglyceride (TAG) content remained below 1% and was omitted for this calculation. Samples were taken in intervals of 3 h in the 14:10 h LD and 12:12 h LD cycles. For the calculation of the hourly energy conversion efficiency in these 2 cycles, the additional points for biomass composition were estimated assuming a proportional change between the measured points.
Results and discussion
Growth rate under different light regimes
We started by characterizing growth of Tetradesmus obliquus wildtype and starchless mutant slm1 under light/dark (LD) cycles of 16:8 h, 14:10 h and 12:12 h. Since the reproducibility of the turbidostat set-up has been shown before [26] , one reactor run was done for each condition. The 16:8 h LD cultivation was repeated in this study and the results were comparable with our previous study for the wild-type and starchless mutant slm1, as shown in Supplementary Fig. S1 . This shows the reproducibility of the experimental set-up.
During the light period, the cultures were diluted to maintain a constant light absorption over the culture and thus, a constant flux of photons to the culture inside the turbidostat-controlled reactors. The dilution rate for the wild-type and slm1 mutant under the three different LD cycles are presented in Fig. 1 . For the wild-type, maximum dilution rate was always reached 5-7 h after sunrise. When comparing both strains, their dilution patterns were similar ( Fig. 1) , where the wild-type reached higher dilution rates compared to the slm1 mutant, indicating a faster growth rate. For the slm1 mutant, no difference in maximum dilution rate value was found between the photoperiods 14:10 h and 12:12 h LD (0.07 h −1 ) ( Fig. 1B) . However, for the 16:8 h LD cycle, the maximum value reached was higher (0.09 h −1 ). Additionally, an unexplained oscillatory pattern was observed in this cycle for the mutant (Fig. 1B) , which was also observed in previous cultures at this LD cycle ( Supplementary Fig. S1 ). Table 1 shows for all conditions the average dilution rate over 24 h (D 24h ), which is equal to the average growth rate. As can be seen, shorter light periods lead to lower dilution rates for both the wild-type and the slm1 mutant, which is expected based on the fact that these cultures received a lower amount of light. Higher average D 24h translates into shorter doubling time (t d ), as the microalgae are growing faster ( Table 1) . By looking into the doubling times (Table 1) , it can be seen that for the wild-type this value is always below one per day, indicating that at least some cells must divide more than once per day. For the slm1, doubling times are higher, specially under 14:10 h and 12:12 h LD cycles, indicating that cells divided approximately once per day. To verify if the difference in dilution rate can be fully explained by the difference in light received, the average dilution over the light period was calculated and is also shown in Table 1 . This results in a more or less constant dilution rate for the slm1 mutant, while the wildtype actually shows an increase in the dilution with shorter day lengths. This means that the wild-type, during the time the light is on, grows faster at shorter light periods.
The light/dark periods at which microalgae are exposed impact biomass production and metabolism of microalgae [16, 39] . As microalgal biomass production would be done outdoors with natural light/ dark periods, the influence of LD cycles with different lengths has been studied. De Winter et al. [37] studied the influence of three different LD cycles: 20:4 h, 16:8 h and 12:12 h LD on growth of the microalga Neochloris oleoabundans under continuous turbidostat conditions. As expected, they also observed a decrease in the average D 24h with the shorter light periods. Dilution patterns were comparable with the ones observed for T. obliquus, reaching the maximum value approximately after 6 h of light and then decreasing until the end of the light period. Additionally, Jacob-Lopes et al. [16] studied the influence of 12 different LD periods, from continuous light (24:0 h) to 2:22 h LD, on biomass production of the cyanobacterium Aphanothece microscopica Nägeli. They observed a linear reduction in biomass productivity with the reduction in the length of the light period, except for the 12:12 h LD, where the value did not follow the trend and increased compared to the value at 14:10 h LD cycle. Krzeminska et al. [39] investigated the influence of light/dark cycles (12:12 h LD), compared to continuous light, on 5 different microalgae species: Neochloris conjuncta, Neochloris terrestris, Neochloris texensis, Botryococcus braunii and Tetradesmus obliquus under batch cultivation. They looked into the biomass doubling time and found that the microalgae B. braunii and T. obliquus had a higher growth rate under continuous light, while the three species of Neochloris grew better under 12:12 h LD cycles. The results obtained for T. obliquus agree with our results where the doubling time obtained under 12:12 h LD (0.80 day) was higher than that obtained by León-Saiki et al. [26] under continuous light (0.46 day). However, our values of doubling time were lower than those reported by Krzeminska et al. [39] (1.17 ± 0.02 day under 12:12 h LD and 0.93 ± 0.01 day under continuous light), which could be related to the experimental conditions (such as cultivation medium and light settings).
Growth behavior of microalgal starchless mutants varies under nitrogen replete conditions. However, most of the studies have been carried out under continuous light. The starchless mutant BAFJ5 of Chlamydomonas reinhardtii showed reduced growth compared to its wild-type under continuous light [27] , as was also observed for the starchless mutant of T. obliquus slm1 under continuous light [26] . While Vonlanthen et al. [29] found no significant difference in growth for the starchless mutant ST68 of Chlorella sorokiniana compared to the wildtype. For starchless mutants only one study could be found that was done under LD cycles. The growth of a starchless mutant of Chlorella pyrenoidosa STL-PI was studied under continuous light and a 12:12 h LD cycle [28] . The authors found a higher growth rate of the mutant compared to the wild-type for both conditions, opposite to what we found for T. obliquus. This could be due to differences between these two species. Another explanation could be the fact that they based their conclusions on cell numbers and not on dry weight and that the amount of dry weight per cell is lower for the mutant than for the wild-type. However, this hypothesis cannot be tested as the results on dry weight production are not presented.
Cell division
Next we looked into the differences in cell division between the strains during the different LD cycles. First, we measured cell density in intervals of 1 h (Fig. 2) . Cell counts from León-Saiki et al. [26] were included together with the data obtained by repeating the 16:8 h LD cycle. All cycles showed a decrease in cell number when the light started (t = 0) for a period of about 12 h due to dilution of the reactor. Cell numbers then stayed constant for a period of 3 h after which they increased sharply from t = 15 h to t = 20 h. Cell numbers differed between the photoperiods and strains. For the wild-type under 16:8 h LD, cell density went from approximately 29.8 million cells·mL −1 to 61.4 million cells·mL −1 ( Fig. 2A) . For the 14:10 h LD, cell density increased from 35.5 million cells·mL −1 to 72.7 million cells·mL −1 . Finally, for the 12:12 h LD cell density was lower and increased from 28.4 million cells·mL −1 to 55.2 million cells·mL −1 . The higher cell density for the 14:10 h LD could be explained by the higher proportions in cells with lower diameter compared to the other two LD cycles ( Supplementary Fig. S2A ). This indicates a lower absorbance per cell possibly due to a lower pigment content. For the wild-type, in general, cell number doubled within a small time-frame between 16 and 19 h for all the tested LD cycles.
The cell densities for the slm1 were lower than for the wild-type in all tested LD cycles (Fig. 2B ). For the 16:8 h LD, cell density went from 26.1 million cells·mL −1 to 51.0 million cells·mL −1 . For the 14:10 h LD, cell density increased from 26.8 million cells·mL −1 to 39.4 million cells·mL −1 . Finally, for the 12:12 h LD cell density was lower and increased from 24.6 million cells·mL −1 to 43.8 million cells·mL −1 . While for the wild-type the increase in cell density happened within a short time frame between 15 and 19 h, for the mutant under 16:8 h LD and 12:12 h LD cycles the increase started earlier and was slower (between 14 and 21 h). For the 14:10 h LD, cell increase was faster, taking only 2 h (t = 16 h).
Since the change in cell numbers are a combined effect of cell division and dilution, we calculated the cell division rate to identify more precisely when cell division took place. For this the cell number data and the average dilution rate per hour were used, as explained in material and methods section 2.5. Fig. 3 shows the cumulative average cell division rate for a certain time (t). This is the average proliferation per day over the period from t = 0 to t = t.
For the wild-type, there is a slow cell division rate during most of the day period, as can be seen from the small slope of the curve (Fig. 3A) . In general, cell division started around 14-15 h after the light went on, independently of the LD cycle, which is in accordance with the literature [37] . Cell division stops 17-18 h after the light went on. For the 16:8 h LD the sudden increase in cell division and the stop of cell division seem to start 1 h earlier than for the other two LD cycles. As expected, the final cumulative growth rate reached was comparable to the 24 h average dilution rate (D 24h ) mentioned in Table 1 and was higher for longer light periods, which is directly related to the longer light periods.
Timing and patterns of cell division were different in the slm1 compared to the wild-type. The slow cell division rate during the day is comparable to the wild-type. The sudden increase in cell division rate is less sharp for the slm1 and seems to start earlier, around 10-12 h after sunrise (14-15 h for the wild-type) independent of the length of the LD cycle applied. The period to complete cell division after the sudden increase at 10-12 h is longer for the mutant (8 h) than for the wild-type (3 h) ( Fig. 3B) . When comparing the average cell size at the point where the sudden increase started (this is 14-15 h for the wild-type and 10-12 h for the slm1), we observed that the average diameter is the same for both strains ( Supplementary Fig. S2C and D) . This size could be an indicator of reaching the point after which cell division can occur independently of the presence of light [40] . The decreased cell division rate of the slm1, as well as the timing of the cell division (starting during the light period) is possibly related to the absence of a temporary energy storage compound (starch), which translates into less availability of carbon and energy.
As previously mentioned, light is one of the major cues for synchronization to daily cycles. Timing of cell division in microalgae has been suggested to depend on dawn (sunrise) and dusk (sunset) [37] . For T. obliquus, sunrise seems to be the factor that defines timing of cell division, since the starting of cell division was similar (approximately 14 h for the wild-type and 10-12 h for the slm1), independently of the beginning of the dark period.
Changes in starch content
Concomitant with the synchronization to the LD cycles, cell composition changes throughout a 24 h cycle [14, 15, 41, 42] . As previously observed, starch is the main component that shows oscillations in T. obliquus wild-type during light/dark cycles [26] .
As expected, starch was accumulated during the light period, and reached its maximum measured content when the night started ( Fig. 4A) . The longer the light period, the higher the content of starch (0.22 g·g DW −1 for the 16:8 h LD, 0.18 g·g DW −1 for the 14:10 h LD and 0.16 g·g DW −1 for the 12:2 h LD cycle). In all LD cycles, starch content started increasing approximately 7 h after sunrise (Fig. 4A ). A similar behavior was observed for the microalga Neochloris oleoabundans [37] , where starch content started to increase 6-7 h after "sunrise", with a higher maximum starch content with longer photoperiods.
To study the changes in starch production/consumption, we calculated the starch productivity during the measured time points (Fig. 4B) . Starch production rate started and increased about 5-7 h after the light went on. As soon as the dark period started, starch was consumed. As the light went on again starch consumption continued until 4 h after sunrise. After this time point starch was depleted for the 16:8 h LD and 14:10 h. A notable exception was the 12:12 h LD showing no consumption in these 4 h; also, the starch content did not become zero. It is unclear why T. obliquus did not totally consume the stored starch under this LD cycle, however, it should be mentioned that starch content was measured in intervals of 3 h, and the point where starch is completely used as well as starch consumption may have been missed at this low resolution of measurements. Interestingly, the moment when starch is depleted coincides with the maximum value of the dilution rate ( Fig. 1A) . At this maximum dilution rate, starch consumption switches to starch production (around 8 h after sunrise).
The non-starch carbohydrates showed no changes through the measured points ( Supplementary Fig. S3 ). The protein content for the wild-type showed a decrease during the light period, which was concomitant with the increase in starch content ( Supplementary Fig. S3 ). For both strains, TAG content remained below 0.01 g·g DW −1 in all sampling points (not shown). For the starchless mutant slm1, starch levels remained below 0.016 g·g DW −1 during all sampled points in all photoperiods tested (not shown) and no fluctuations in biomass composition were observed for the tested LD cycles ( Supplementary Fig.  S3 ).
Efficiency of energy fixation in biomass components
To calculate the energy conversion efficiency, i.e. the fraction of photons absorbed whose energy is fixed in biomass components, we measured the biomass composition (functional biomass and storage compounds, i.e. starch) of the daily overflows for both strains. The overflow composition remained similar during the different LD cycles ( Table 2) , but the average dry weight concentration, as well as the biomass productivity showed an increase with longer light periods. The TAG fraction was low (below 0.01 g·g DW −1 ) and therefore not considered for the calculations. For T. obliquus wild-type a similar fraction of the supplied energy was fixed in biomass under 14:10 h (54.61 ± 0.07%) and 12:12 h (55.18 ± 0.06%) LD cycles (Fig. 5A) . These values were lower compared to the 16:8 h LD cycle (62.77 ± 0.08%). This could be related to timing of cell division. The 16:8 h LD cycle is the only one where cell division starts during the day. Thus part of the energy needed for cell division may still come from the light, resulting in less use of starch during the night and allowing to fix extra energy compared to 14:10 h and 12:12 h LD, where cell division occurs at night and relies completely on starch.
For the wild-type, the biomass yield on light was the highest with the longest light period (16:8 h LD) ( Table 2 ). However, the increase does not continue until the dark period is skipped (continuous light), as the biomass yield on light was 0.98 ± 00 g·mol ph −1 [26] .
When the starch synthesis path is blocked, as in the slm1 mutant, the energy efficiency is lower than for the wild-type for all LD cycles (Fig. 5A) . However, the behavior was different compared to its wildtype. For the mutant, the highest biomass yield on light and the energy conversion efficiency occurred under 16:8 h LD cycle. This was surprisingly maintained during the 14:10 h LD, but dropped for the longest dark period tested (12:12 h LD cycle) ( Table 2 ). This could also be related to timing of cell division. The 12:12 h LD cycle is the only tested photoperiod where cell division occurs mainly in the dark. This agrees with the slower division rates observed for this cycle compared to 16:8 h and 14:10 h LD where cell division starts during the day (Fig. 3) .
During a LD cycle the dilution rate and biomass composition changed. Since the photon absorption rate is constant, the energy conversion efficiency will change over a LD cycle. To get more insight into this, the energy efficiency was calculated in one hour intervals based on the measured biomass composition, dilution rate and photon absorption rate at each time point. By looking at the energy conversion efficiency during the daily cycles, we found that the highest energy fixation occurs with the maximum dilution rate ( Fig. 5B and C) . Both strains showed similar patterns but, as expected, the wild-type reached higher values (approximately 90%) compared to the starchless mutant slm1 (maximum 80%). This maximum value decreased slightly with the shorter light periods for both the mutant and wild-type.
At the start of the day starch is still used. Probably this is for the rapid synthesis of absorbing material to harvest the light energy, which can be deduced from the rapid increase in dilution rate. Depletion of the starch coincides with the maximum energy efficiency and dilution rate. From that moment on starch is net synthesized and the starch content increases again. During the night, the starch is used again for cell division and preparation for the moment when light goes on again. This can be derived from the fact that cell division is much slower in the mutant and the fact that for the mutant the increase in dilution rate starts later after the light is turned on. Apparently, starch is used during the night to prepare for the next light cycle or during the night energy is derived from cell components that have to be built up again if the light goes on.
Conclusions
The start of the light phase (sunrise) is the reference point for synchronized cell division in Tetradesmus obliquus. Cell division in T. obliquus wild-type started approximately 14 h after sunrise, independently of the length of the light period. Cell division occurred mainly at night, except during the longest light period tested (16:8 h light/dark cycle), where cell division started at the end of the light period and extended into the dark period. For the slm1 mutant, cell division was also synchronized to the start of the light period but started earlier than for the wild-type (10-12 h after sunrise). Regarding biomass composition, the length of the day had an influence on the maximum starch content reached by the wild-type: the longer the light period, the higher the starch content. The starchless mutant slm1 showed no oscillations in biomass composition. But, despite the lack of starch, the slm1 mutant synchronized growth and cell division to the LD cycles. However, the absence of starch resulted in lower energy efficiencies (11-24% lower) and biomass yield on light (13-39% lower) for T. obliquus slm1 compared to its wild-type under all tested LD cycles.
